Introduction
Sulphide-rich mineral ore associated with gold and coal mining and related activities have left a legacy of acid rock drainage (ARD), which threatens the environment as well 
Despite extensive research demonstrating the technical feasibility and potential of biological sulphate reduction (BSR) for ARD treatment, relatively few commercial processes have been developed. The application of these technologies have been limited to niche applications, mainly due to the relatively slow kinetics of SRB, high cost of electron donor (e.g. ethanol, methanol and volatile fatty acids) and management of the sulphide product, which is significantly more toxic than sulphate 4 (Rose 2013 . Each of these challenges must be addressed to develop a robust process that can be implemented.
Due to sulphide toxicity, the potential for re-oxidation, malodour, corrosivity and other hazards, an effective sulphide removal step is essential to ensure satisfactory treatment of sulphate-laden wastewaters (Jin et al. 2013 , Harrison et al., 2014 
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Sulphur produced by these microorganisms is stored in the form of sulphur globules, localised either inside or outside the cell (Cai et al., 2017) . Biological sulphide oxidation has been applied in treating sulphide-rich waste streams (Cai et al., 2017) , but commercial application has been limited to an active treatment approach, such as the Thiopaq® process (Janssen et al., 2000) .
Biologically mediated partial oxidation of sulphide to elemental sulphur is restricted to a narrow pH and redox potential range (pH 6-8, -20 to -200 mV). In addition, the stoichiometric ratio of sulphide to oxygen needs to be maintained at 2:1 in order to facilitate partial oxidation to elemental sulphur and prevent complete oxidation to thiosulphate and sulphate (Reaction 3). This requires precise control of operational conditions, particularly the pH and supply of oxygen (Elkanzi, 2009 ).
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Common drawbacks inherent with these active processes are the need for additional operational units and energy requirements, which increase capital and operational costs (Cai et al., 2017) . A promising alternative is to control the partial oxidation of sulphide via a floating sulphur biofilm (FSB), a passive process that does not require energy input and provides an effective alternative for the removal of sulphide and recovery of elemental sulphur (Molwantwa et al.,2010; Rose, 2013) . Floating sulphur biofilms were first observed on waste stabilisation ponds used to manage high sulphide tannery effluents. The biofilm impedes oxygen mass transfer, creating a discrete pH and redox microenvironment that facilitates partial oxidation of sulphide 100 from the bulk liquid, with deposition of the sulphur product in the organic biofilm 
Microbial cultures
The mixed sulphate reducing bacteria (SRB) community used as a stock culture has been maintained at the University of Cape Town (UCT) over an extended period on 
Linear Flow Channel Reactor (LFCR) configuration and operation
A LFCR hybrid reactor ( 
Analytical methods
The pH was measured using a Cyberscan 2500 micro pH meter. Redox potential was recorded using a Metrohm pH lab 827 redox meter fitted with a Metrohm Redox platinum-ring electrode. 9 Dissolved sulphide was quantified using the colorimetric N,N-dimethyl-pphenylenediamine method (APHA, 2012). Residual sulphate and thiosulphate 180 concentrations was determined by ion chromatography on a Thermo Scientific DIONEX ICS-1600 system equipped with an IonPac AG16 anion column, a 10 µl injection loop and a conductivity detector with suppression. A 22 mM NaOH solution was used as the mobile phase at a flow rate of 1 mL/min, as per manufacturers' recommendations.
Data were analysed using the Chromeleon®7 software package (version no.
7.2.1.5833).
The concentration of volatile fatty acids (VFAs) lactic, acetic and propionic acids in the feed and reactor samples was quantified using high pressure liquid chromatography (HPLC) on a Waters Breeze 2 system equipped with a Bio-Rad organic acid column (Aminex HPX-87H, 30 cm x 7.8 mm, 9 µm) and a UV (210 nm wavelength) detector.
Acidified deionised water (0.01 M H2SO4) was used as the mobile phase at a flow rate of 0.6 mL/min, as per manufacturers' recommendations (Biorad).
Elemental analysis of the floating sulphur biofilm was determined using an Elementar
Vario EL Cube Elemental Analyser, for quantifying carbon, hydrogen, nitrogen and sulphur content of the sample (CAF, Stellenbosch University, South Africa).
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) was performed at the University of Cape Town Imaging Unit. Samples of FSB and colonised carbon fibres were fixed using 2 mL cold 2.5% glutaraldehyde in phosphatebuffered saline (PBS) solution (pH 7.2) for 24 hours at 4°C. After the primary fixation, the samples were washed twice with PBS solution, followed by an ethanol dehydration 200 series of steps using increasing concentrations (30, 50, 70, 80, 90, 95 and 100% (v/v)).
Samples were mounted onto SEM stubs and critical point dried using hexamethyldisilazane (HMDS). The dried samples were coated with gold-palladium (60:40) and viewed using a FEI NOVA NANOSEM 230.
Hydrodynamics -Dye tracer study
The LFCRs were constructed from clear Perspex to allow for easy visualisation of hydrodynamic mixing patterns. A dye tracer experiment was conducted by filling the LFCR with a 2 mM sodium hydroxide solution to which ten drops of phenolphthalein was added to achieve a uniform pink colour. Hydrochloric acid (42 mM) was pumped into the reactor at predetermined flow rates. When the neutralisation reaction 
Proof of concept of simultaneous biological sulphate reduction and partial sulphide oxidation in a single reactor
To test the proof of concept, a 2 L LFCR was inoculated with a mixture of the SRB and SOB cultures and fed modified Postgate B medium containing 1 g/L SO4 2-using a speed 220 controlled peristaltic pump. The flow rate was equivalent to a 4 day HRT (dilution rate:
0.104 h -1 ). The temperature was controlled at 30˚C. Samples (2 mL) were removed 11 daily from the middle and lower sample ports in the first and third columns (FM, FB, BM, BB), as well as from the effluent port. The pH and sulphide concentration were measured immediately. The remainder of the sample was prepared for chromatographic analysis (VFAs and anions). Biofilm formation was observed visually.
Once a thick, stable biofilm had been formed, it was collapsed and harvested periodically.
The FSB was collapsed by physically disrupting the biofilm and allowing the fragments to settle onto the harvesting screen. The sulphur product was recovered by removing the harvesting screen and collecting the accumulated biofilm. The biofilm was dried at 37°C for 48 hours, prior to weighing and elemental analysis.
Effect of biofilm disruption
To assess the effect of biofilm disruption, the reactor was operated for three residence times after which the floating sulphur biofilm (FSB) was broken up. Following disruption, the recovered FSB sample was collected and dried for elemental analysis.
The reactor performance was monitored hourly for 24 hours after FSB disruption. The reactor was run for an additional three residence times before the biofilm was harvested.
3 Results and discussion 240 
Hydrodynamics of the LFCR
A phenolphthalein tracer study was conducted to evaluate the fluid mixing profile in the LFCR (Fig. 2) . The tracer study showed that the mixing in the LFCR was governed by 12 the feed velocity (advective transport) at the the reactor inlet, which caused some short-lived, localised turbulent eddies. The absence of turbulent mixing and a slight density difference caused the acid feed to sink to the bottom of the channel. A dead zone occurred in the front corner of the reactor. The acid front moved along the floor of the reactor with a laminar parabolic profile (Fig. 2 b and c) . After 30 minutes (Fig.   2b ), the acid front reached the back wall of the reactor, resulting in the vertical displacement of the HCl layer. As time progressed, convective transport (a combination of advective and diffusive transport) became predominant ( Fig. 2d and e 
Demonstration of the hybrid channel reactor
The The residual sulphate concentration (Fig. 3c ) measured in the reactor and effluent was consistent throughout the study, indicating limited complete oxidation of sulphide.
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Sulphide removal (Fig. 3d ) was efficient, with low concentrations measured in the effluent. The average sulphide removal, between day 30 and 60, was over 90%.
Thiosulphate remained below detection limits for the duration of the experiment.
Together, these findings strongly suggest that partial sulphide oxidation to elemental sulphur was favoured throughout the study, with limited complete oxidation of sulphide to sulphate.
The LFCR maintained anoxic conditions within the bulk volume, with an average redox potential measured between -350 to -410 mV, an optimal range for sulphate reducing activity. The effluent samples were variable and exhibited increased ORP measurements. This was expected, since the effluent is exposed to the aerobic zone at 15 the surface as it flows through the exit port of the reactor. The ability of the LFCR to maintain anoxic conditions within the bulk volume, despite the surface being open to atmosphere, was critical to achieve simultaneous sulphate reduction and partial sulphide oxidation.
The pH (Fig. 3e) increased initially in the bulk volume of the reactor (pH 7-7.5) with an additional increase observed in the effluent sample (pH 7.5-8). The initial pH increase was attributed to SRB activity as a result of alkalinity (bicarbonate) production while the additional pH increase observed in the effluent was attributed to partial sulphide oxidation, where hydroxyl ions are released as a by-product. While the experiments were conducted using feed at neutral pH, these results confirm the generation of 320 alkalinity and highlight the potential of the system to treat acidic wastewater streams. permitted the biofilm to be disrupted intermittently, facilitating multiple cycles before a harvest is required (Fig. 4) .
Effect of biofilm disruption
Most BSR systems are operated in closed reactors under anaerobic conditions, due to the sensitivity of SRBs to oxygen. The disruption and harvesting of the biofilm removes the barrier to oxygen mass transfer into the bulk volume, until the biofilm re-forms.
This could negatively affect the SRB activity, resulting in a decrease in performance or complete collapse of the system. Data from the initial demonstration (Fig. 3a) showed that FSB disruption had a significant effect on the sulphide concentration, with a notable decrease over 24 h. A study was conducted to evaluate the effect of biofilm disruption on reactor performance. This involved hourly monitoring of the reactor over the 24 h period after FSB disruption.
The biofilm was broken up on day 7. The removal of the biofilm resulted in a rapid decrease in dissolved sulphide concentration, from 4.5 mmol/L to 2.5 mmol/L within 12 hours, after which the concentration stabilised. A similar trend was observed in the effluent. Approximately 20 hours after disruption, the aqueous sulphide concentration began to increase again, corresponding with the reforming of the biofilm. After 24 hours a distinct thin layer of biofilm was observed (Fig. 4) . The rapid decrease in 19 dissolved sulphide concentration observed after biofilm disruption ( Fig. 5a and b) can 400 be attributed to the increased oxygen mass transfer into the bulk liquid in the absence of the biofilm. The oxygen is rapidly consumed through the oxidation of sulphide. As the biofilm re-forms and matures, oxygen mass transfer into the bulk liquid is impeded and the rate of sulphide generation exceeds the sulphide oxidation rate, resulting in the observed increase in aqueous sulphide (Fig. 5a) . Critically, the residual sulphate concentration remained stable during this period (Fig. 5b) indicating that sulphate reduction was not adversely affected during the 24 h period after biofilm disruption. It is clear that if there is sufficient residual aqueous sulphide to react with all the oxygen it is possible to maintain anoxic conditions in the bulk volume. This was confirmed by redox potential measurements.
The decrease in sulphide concentration was predominantly attributed to sulphide oxidation rather than the evolution of H2S gas. This is consistent with the data from Mooruth (2013) who quantified H2S (g) liberation to account for mass balance discrepancies in a similar system. The study concluded that the liberation of H2S (g) from the LFCR surface was negligible. Most of the sulphide is present as HS -at the operating pH and the lack of turbulent mixing reduces gas mass transfer across the surface. This is important from an aesthetic and safety perspective, due to the smell and toxicity of hydrogen sulphide gas. The study revealed that abiotic sulphide oxidation contributed little to the overall oxidation rate measured. This was based on a combination of kinetic constraints, poor oxygen diffusion, mixing (hydrodynamics) and convective mass transport within the LFCR. The biologically mediated oxidation of sulphide in the bulk volume following biofilm harvesting is critical. If the process relied on slower, abiotic oxidation, it is likely that the oxygen concentration in the bulk volume would increase to the point where sulphate reduction was inhibited.
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As the biofilm develops, oxygen mass transfer into the bulk liquid is impeded and sulphide oxidation occurs exclusively within the biofilm. As the biofilm continues to mature and thicken, oxygen penetration through the biofilm slows to the point where it becomes limiting, resulting in significantly reduced partial sulphide oxidation and an 21 increase in dissolved sulphide concentration in the effluent, which is undesirable.
Therefore, there is a need to optimise the FSB harvesting frequency to ensure maximum sulphur recovery and consistent sulphide removal.
Scanning electron microscopy and energy-dispersive X-ray spectroscopy
The anaerobic and aerobic zones within the reactor promoted the development of two separate microbial communities. Examples of the different cell morphologies, visualised by SEM, are shown in Fig. 6 . These images confirmed biomass attachment to the carbon microfibres.
Previous studies have reported on the enhanced VSRR that can be achieved through increased biomass retention within a LFCR fitted with carbon microfibres as the support matrix (van Hille et al., 2015). Additionally, SEM-EDS analysis (Fig. 6b ) of the FSB confirmed partial sulphide oxidation, with the presence of highly concentrated (100%) elemental sulphur deposits detected across points selected shown on the image. Sulphur deposits were also observed on the outer membranes of the sulphur oxidising bacteria (Fig. 6a ). This mechanism of sulphur excretion in SOBs has been previously documented (Cai et al., 2017) . 460 
Conceptual model for the hybrid LFCR
The data presented in this paper show that efficient biological sulphate reduction and partial oxidation of sulphide to sulphur can be achieved in a single reactor that is open to the atmosphere. The reactor was able to maintain sulphate reduction rates equivalent to those achieved in active, stirred tank reactors using a simple reactor 
